Summary Dietary supplements for body fat reduction have become popular, particularly in developed countries. Garcinia cambogia (GA) is one such supplement, and its active component is (−)-hydroxycitric acid ((−)-HCA), a competitive inhibitor of ATP citrate lyase, which is responsible for producing acetyl CoA from citric acid. Recently we have found that administration of (−)-HCA-containing GA markedly reduces testis weight in male Zucker obese rats. In particular, histopathological examinations revealed testicular atrophy and impairment of spermatogenesis. In the present study, we investigated the cause of the impaired spermatogenesis after ingestion of GA containing (−)-HCA at 102 mmol / kg diet in young Fischer 344 male rats. Among hormones related to spermatogenesis, the serum level of inhibin-B was significantly lower and that of follicle-stimulating hormone (FSH) was higher in the GA group. The level of testis meiosis-activating sterol (T-MAS), which is an intermediate in cholesterol biosynthesis from acetyl CoA and is presumed to transmit a signal for spermatogenesis, was statistically lower in the testes of rats administered GA. We hypothesize from these results that (−)-HCA-mediated inhibition of ATP citrate lyase in rats fed GA leads to diminished accumulation of MAS substances, thus resulting in impairment of spermatogenesis.
Introduction
Dietary supplements for body fat reduction have become popular, particularly in developed countries. One ingredient of such dietary supplements is an extract of Garcinia cambogia (GA), a fruit grown in Southeast Asia and India. The rind of GA contains hydroxycitric acid (HCA), and four isomers of HCA with their free and lactone forms are found in the extract [1] . Among them, only (−)-HCA is a potent competitive inhibitor of ATP citrate lyase (EC 4.1.3.8) [2] .
Citric acid, produced by glycolysis and then transported into the cytosol from mitochondria, is an important substrate for ATP citrate lyase, which converts citric acid to acetyl CoA and oxaloacetic acid. Hence, ATP citrate lyase is a key enzyme in the supply of acetyl CoA for both de novo fatty acid and cholesterol biosyntheses. Lowenstein [3] determined the effect of (−)-HCA on fatty acid biosynthesis in rat liver by measuring the incorporation of 3 H from 3 H2O and showed that fatty acid biosynthesis was inhibited strongly by (−)-HCA. Sullivan et al. [4] observed the effect of isomers of HCA on lipogenesis in rat liver by using [ 14 C]citrate and [
14 C]alanine, and obtained similar results. Recently, our group [5] examined the effect of GA *To whom correspondence should be addressed. Tel: +81-3-3203-5601 Fax: +81-3-3203-7584 E-mail: msaito@nih.go.jp administration on body fat accumulation in male Zucker obese rats. The rats were fed diets containing GA powder S ® ((−)-HCA levels ; 0, 10, 51, 102 and 154 mmol / kg diet) for 92 or 93 days. Surprisingly, the high doses of (−)-HCAcontaining GA (102 mmol / kg diet or higher) caused testicular atrophy and impairment of spermatogenesis. From the results, a diet containing 51 mmol / kg was considered to be the no observed adverse effect level (NOAEL) in these rats.
It has been shown recently that 4,4-dimethyl-5α-cholesta-8,24-diene-3β-ol (testis meiosis-activating sterol; T-MAS) is a specific intermediate product of cholesterol biosynthesis in testicular germ cells [6] . T-MAS was isolated and characterized from bull testes [7] . Similarly, 4,4-dimethyl-5α-cholesta 8,14,24-triene-3β-ol (follicular fluid meiosisactivating sterol; FF-MAS) was isolated from human follicular fluid [7] . These MAS substances are produced from lanosterol by the action of lanosterol 14α-demethylase (CYP51) and sterol ∆14-reductase in the cholesterol biosynthetic pathway (Fig. 1) . Interestingly, FF-MAS and T-MAS are presumed to be signaling substances that trigger the start of meiotic division of the oocyte and spermatocyte, respectively [8] . Indeed, Grondahl et al. have demonstrated that FF-MAS has the ability to reinitiate meiosis in a mouse oocyte assay in vitro [9] . Therefore, in the present study, we examined the relationship between impaired spermatogenesis and MAS substances production in rat testis after administration of (−)-HCA-containing GA.
Materials and Methods

Materials
Garcinia cambogia powder S ® was generously donated by Nippon Shinyaku Co.Ltd., Japan. The (−)-HCA content of this powder was 41.2wt% and the ratio of its free to lactone form was 36.6 to 63.4.
Animals
This experiment was carried out under the guidelines of the Animal Committee of Incorporated Administrative Agency, National Institute of Health and Nutrition (Tokyo, Japan).
Three-week-old male Fischer 344/ DuCrj rats were purchased from Charles River Japan, Inc. (Yokohama, Japan). They were kept individually in stainless steel cages at 22 ± 1°C and 50-60% humidity with a 12 h light / dark cycle. The feed and water were supplied ad libitum. The composition of diets based on the AIN-93G purified diet for and cholesterol in rat testis.
laboratory rodents [10] is shown in Table 1 . All of the animals were initially fed the control diet prepared in our laboratory for five days to allow them to adapt to the new environment, and then divided into two groups. One group was fed the control diet and the other group the GA diet. The (−)-HCA content was 102 mmol / kg in GA diet. Each group was further divided into two subgroups: a feeding period for two weeks and that for four weeks, respectively (totally four groups).
Experimental procedure
On the day before the autopsy, rats were given diets to consume three-quarters of the food intake of the previous day and were then killed by cardiac puncture. Liver and left and right testes were quickly excised and weighed. Right testis was cut in half, and then one part was fixed with 10% formalin neutral buffer solution, pH 7.4, and the other part was stored at −80°C together with other tissues. The histopathological examination was performed after hematoxylineosin staining. Serum was separated by centrifugation at 2,700×g for 15 min at 4°C and stored at −80°C until analysis for hormones.
Measurement of sexual hormones
Serum inhibin-B concentration was determined by a sandwich EIA kit (OXFORD BIO-INNOVATION LTD., Oxfordshire, UK). Serum follicle-stimulating hormone (FSH) and luteinizing hormone (LH) concentrations were determined with a rat FSH IRMA kit (BIOCODE, Liége, Belgium) and a rat LH EIA kit (Amersham Biosciences, Buckinghamshire, UK), respectively. Serum testosterone was measured with radioimmunoassay method (Diagnostic Products Corporation, Los Angeles, CA, USA).
Determinations of FF-MAS, T-MAS and Cholesterol in rat testis
FF-MAS and T-MAS in rat testis were measured by modification of Tacer et al.'s method [6] . Briefly, testis tissue (0.2 g) was placed in the glass tube with 0.9% NaCl solution, and then homogenized. The homogenate was extracted with chloroform / methanol (1:1, vol / vol) solution, and this mixture was centrifuged at 2,700×g for 15 min. Bottom layer was collected and evaporated. The residue was dissolved in n-hexane to fractionate 4,4-dimethyl sterols with straight-phase high-performance liquid chromatography (HPLC). The HPLC system consisted of pump (LC-10ADvp), degasser (DGU-14A), column oven (CTO10Avp), ultraviolet (UV) detector (LC-10Avp) and integrator (C-R7A plus) (Shimadzu Co., Kyoto, Japan). The fractionation of 4,4-dimethyl sterols was performed at 28°C by using ChromoSpher Si column (5 µm, 250 × 4.6 mm i.d.; Varian, CA, U.S.A.). The mobile phase was n-hexane/ isopropanol (99.5:0.5, vol / vol) at a flow rate of 1.0 ml / min. The effluent was monitored with an UV detector set at 249 nm. The fraction containing 4,4-dimethyl sterols (8 min-11 min) was collected, and then dried using evaporator. The residue was dissolved in acetonitrile for the analysis of FF-MAS and T-MAS by reverse-phase HPLC. The analysis was performed at 40°C by using LiChrospher 100 RP-8 column (5 µm, 250 × 4.6 mm i.d.; MERCK, Germany). The mobile phase was acetonitrile/ water (92.5:7.5, vol / vol) at a flow rate of 1.0 ml / min. Each collected peak of FF-MAS and T-MAS was identified by gas chromatography-mass spectrometry (GC-MS). Total cholesterol level in the testis was measured enzymatically with a commercially available cholesterol assay kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan) after extraction of lipids by chroloform / methanol (1:1,vol / vol).
Statistical analysis
All results were expressed as means ± SD. The significance of difference between the Control and the GA groups was evaluated using independent-samples t-test (twosamples t-test) (Dr. SPSS II for Windows, SPSS Japan Inc. Tokyo Japan). The difference was considered significant at p<0.05.
Results
Final body weight, food intake and tissue weights
Final body weight, food intake and tissue weights are shown in Table 2 . After two weeks of the experimental period (six weeks old), the final body weight of the GA group was already statistically lower than that of the control group. However, there were no significant differences in the food intake and the weights of individual tissues between the control group and the GA group, except the relative liver weight of the GA group which was higher. After four weeks of feeding (eight weeks old), there was also no significant difference in the food intake between the two groups. But, the final body weight of the GA group was lower than that of the control group. The testis weight of the GA group was also remarkably less than that of the control group.
Histopathological examination of rat testis
As the testis weight of the GA group was markedly lower than that of the control group, we performed histopathological examinations of the testis. The germ cells of all rats of the control group at two weeks (six weeks old) were normal, but there was mild to moderate degeneration of the cells in all rats of the GA group (Table 3) . Spermatogenesis was immature in both the control and GA groups at two weeks (six weeks old). Spermatogenesis of the control rats was normal at eight weeks old, as shown by the abundance of elongating and elongated spermatids in all the seminiferous tubules (Table 3 , Fig. 2A ). In contrast, there is complete absence of spermatid elongation in the eight-weekold GA-fed rats, with some of the round spermatids being released in clusters (Table 3 , Fig. 2B ). 
Testosterone, LH, FSH and inhibin-B concentrations in rat serum
The hormone levels related to spermatogenesis were measured (Table 4 ). There were no significant differences in LH concentration between the control group and the GA group after two or four weeks of feeding. Although the concentration of testosterone in serum was different into control group and GA group after two or four weeks of feeding, there was no difference statistically. However, the inhibin-B concentrations of the GA group were statistically lower than those of the control, and the FSH concentrations of the GA group were remarkably higher than those of the control, after both two and four weeks of feeding.
Changes in FF-MAS, T-MAS and cholesterol concentrations in rat testis
Several investigators have suggested that FF-MAS and T-MAS may have roles not only in cholesterol biosynthesis but also in signaling to trigger spermatogenesis. We thought that the accumulation of MAS in rat testis might be affected by the competitive inhibition of ATP citrate lyase by (−)-HCA, and we measured the concentrations of FF-MAS, T-MAS and cholesterol in rat testis (Fig. 3) . Interestingly, the FF-MAS and T-MAS concentrations in the testis of the GA group were significantly lower (or tended to be lower; T-MAS at two weeks) than those of the control group after both two and four weeks of GA feeding. Nevertheless, there was no significant difference in the cholesterol concentration between the control and the GA groups after two weeks of feeding. The cholesterol concentration in the GA group after four weeks of feeding was higher than in the control group, but the difference was very slight and negligible.
Discussion
The present study was designed to investigate the relationship between impaired spermatogenesis and production of MAS substances in rat testis after administration of (−)-HCA-containing GA. This is our first attempt to reveal the testicular toxicity caused by (−)-HCA-containing GA at high doses [5] .
In the previous study, we examined the effect of GA Fig. 2 . Histopathological examination of testes. A; control rat kept for four weeks (magnification ×200), B; Garcinia-fed rat kept for four weeks (magnification ×200). Values are means ± SD of 6-7rats in each group. The significant differences between the Control group and GA group for each period were analyzed by two samples t-test (Dr. SPSS II for windows). Asterisks show significant difference; **: p<0.01, ***: p<0.001.
administration on body fat accumulation using Zucker obese rats [5] . However, we found unexpectedly that the high dose of GA ((−)-HCA levels; 102 mmol / kg diet or higher) caused testicular atrophy and impairment of spermatogenesis. Since the aim of the current study was to elucidate the relationship between impaired spermatogenesis and MAS substance production in rat testis, we used Fischer 344 strain rats, being generally recognized as standard strain in toxicology. Then, this study was examined by using a diet containing (−)-HCA at 102 mmol / kg diet to be low observed adverse effect (LOAEL) in these rats from the former study. In addition, we used weanling, immature rats for the present study because we considered that they would be a good model for observing the temporal (for two weeks and for four weeks) influences of GA administration on germ cell development, spermatogenesis, sexual maturity and hormonal levels related to spermatogenesis, where rats at six weeks old are thought to be sexually immature and at eight weeks old sexually mature. Actually, after two weeks of feeding, the rats were six weeks old, and spermatogenesis
had not yet started (Table 3) . But, spermatogenesis had already begun in rats after four weeks of feeding (eight weeks old). Consequently, we observed the influence of GA administration before and after the start of spermatogenesis.
We measured the serum concentrations of four hormones related to spermatogenesis. There were no significant differences in testosterone and LH concentrations between the control and GA groups. However, in the GA group, the inhibin-B concentration was statistically lower, and the FSH concentration higher, than those in the control group after two weeks of GA feeding, as was also the case after four weeks of feeding. Pierik et al. [11] examined the relationship between serum inhibin-B levels and the classical markers of spermatogenesis in subfertile men, and demonstrated a significant positive correlation between the serum inhibin-B level and sperm concentration, sperm count, and testicular volume. Moreover, the serum inhibin-B level was negatively correlated with the serum FSH concentration (Table 4) . Other researchers have also demonstrated a negative correlation between inhibin-B and FSH levels in normal and Differences between the control group and the GA group were analyzed by two-sample t-tests (Dr. SPSS II for Windows). Asterisks show significant differences: *p<0.05, **p<0.01, ***p<0.001.
infertile men [12] [13] [14] . Therefore, inhibin-B is an important marker of the function of Sertoli cells and spermatogenesis, and a combination of a low inhibin-B level and a high FSH level indicates disturbed spermatogenesis [15] . This relationship implies that the low inhibin-B level and high FSH level in the serum of rats administered GA might be caused by arrest of spermatogenesis, and this supposition was supported by the results of histopathological examination, as shown in Fig. 2 and Table 3 .
What causes the impairment of spermatogenesis after ingestion of GA? The GA powder used in this study contained 41.2wt% (−)-HCA. Sekita et al. [16] preliminarily examined whether (−)-HCA causes testicular toxicity, and suggested that GA-induced testicular toxicity may be due to its principal ingredient, (−)-HCA itself. Accordingly, in this study, we tentatively hypothesized that the GA-mediated toxic effect might be related to the ingestion of (−)-HCA, which is known to inhibit fatty acid biosynthesis, as mentioned in the Introduction section. However, its influence on cholesterol and the intermediates of cholesterol biosynthesis, i.e. FF-MAS and T-MAS, is unknown in rat testis. These intermediates are presumed to be signaling substances that initiate meiotic division of the oocyte and spermatocyte, respectively [6] [7] [8] [9] . The concentrations of FF-MAS and T-MAS in the testis in the GA group were significantly lower than those in the control group (Fig. 3) , although GA administration did not exert a significant influence on the cholesterol concentration. These data demonstrate that ingestion of (−)-HCA-containing GA prevents the accumulation of MAS substances in rat testis, and that the concentrations of FF-MAS and T-MAS in the testis do not simply reflect the concentration of cholesterol. Cholesterol is quite abundant in the testis in comparison with MAS substances, and its concentration may not change even if ATP citrate lyase is competitively inhibited by (−)-HCA. FF-MAS concentration in GA-administered rat testis decreased in addition to T-MAS concentration, and we thought that the formation of FF-MAS was reduced through the suppression of acetyl CoA production by the inhibition of ATP citrate lyase, followed by the reduction of T-MAS. However, it is remained to be solved how FF-MAS is associated with spermatogenesis.
This result is interesting and novel, supporting the idea that MAS substances may be connected with signal transmission, and also suggests that the cholesterol biosynthetic pathway in rat testis might exist primarily to produce MAS substances rather than cholesterol [6] . The level of cholesterol may be retained independently through different cholesterol biosynthetic pathways and / or incorporation from the blood circulation in rat testis, since cholesterol is essential for cell membrane structure and signaling, and also essential as a precursor for steroid hormones. In particular, Cholesterol is an important precursor of testosterone in the testis. Furthermore, it has been shown that cholesterol plays an important role in sperm capacitation [17] . Therefore, like MAS substances, cholesterol is also indispensable for the process of spermatogenesis. Nevertheless, in this study, there was no significant difference in the cholesterol concentration between the control and GA groups. Consequently, we suggest that MAS substances play more essential roles than cholesterol in spermatogenesis.
Our results indicate severe impairment of spermatogenesis in the testes of rats administered (−)-HCA-containing GA. The impaired spermatogenesis in these animals might be associated with blockade of MAS substances accumulation.
